Abstract: Using full wave simulations and a transmission matrix approach, we design and then realize random metasurface lenses with anisotropic nanorods, and show that we can obtain a diffraction limited focal spot for all polarizations.
Most metamaterials and metasurfaces-artificial materials designed at the subwavelength scale to achieve exotic or specific functionalities-are designed in a restrictive periodic or pseudo-periodic frame. Whether they are design to achieve cloaking [1, 2] , negative index media [3] , deflectors or lenses [4, 5] , their surface or volume is divided in a spatially periodic array. The geometry of the elements of such array generally vary as a function of their position, for instance to locally provide a well-defined phase shift to an incident wave. However, this results in polarization dependent and anisotropic responses that limit the applications of such devices. Moreover, we can argue if this simplest spatial sampling is the best in terms of signal to noise ratio or in efficiency, as smallest elements occupy the same area as the largest ones.
On the other hand, sampling randomly the position and orientation of the elements of metasurfaces would lead to amorphous, and hence isotropic and polarization independent metasurface. Contrary to random phase metasurfaces which have been studied for specific applications, for instance to reduce the radar cross section [6, 7] or to increase the number of degrees of freedom for wavefront shaping [8] we propose here to focus on metasurfaces with randomly dispersed elements. p
Figure 1(a) Schematic of the plasmonic nanorod. (b) SEM image of such a nanorod made with top-down fabrication
We start by considering gold plasmonic nanorods in the infrared domain ( =1550 nm), as described on the Fig.1(a) . Obviously, this element is very anisotropic and only polarizable along its longer dimension. Varying the nanorod length from 150 to 500 nm changes the resonant frequency of the element, which allows us to tune the phase-shift provided to an incident plane wave which electric field is parallel to the long axis. On the contrary, the nanorod is transparent to an incoming plane wave with a polarization perpendicular to its main axis. The question that arises is: can we use this simple but anisotropic element to design an isotropic and all polarization metalens?
In order to provide a 0 to 2 phase shift with a single resonance, we chose to work in reflection. Fig.1(a) present the experimental set-up where the nanorod are spaced from a metallic mirror by a SiO2 spacer. We can distinguish two types of random metasurfaces: the metasurfaces made of random position elements that have the same orientation, and that we can define as nematic metasurfaces by analogy with liquid crystals, and the metasurfaces made of elements with random positions and orientations, that we define as isotropic metasurfaces. We emphasize that the length of the nanorod is not random, but strongly depends on the position of the element. It is chosen accordingly so that the reflected phase shift is given by: y p p , where k0 is the free space wavelength, r the position of the element and f the focal length of the lens.
Figure 2 1D metasurface lenses nm. (a) 1D ordered metasurface len with a period of 100 s. (b) 1D nematic metalens with a density of 1 element for 100 nm. (c) Focusing (Energy flux) obtained with (a). (d) same with (b)
The focusing efficiency strongly depends on the density if nanorod per wavelength but also of the dimensionality and of the symmetry of the metasurface Using full wave simulation with CST, we design ordered (Fig.2a) and nematic ( Fig.2b) 1D metalens and compare their characteristics (Fig.2c,d) . Unfortunately, simulating 2D large area metasurface in the time domain is extremely challenging. Hence, we extract the transmission matrix parameters for single element from our FDTD simulation, and model the metasurface as an array of two level atom scatterers [9] . This allows us to design 2D random, nematic and isotropic metasurfaces and to compare their characteristics.
Finally, we present an experimental realization of such random metalens. The latter is made with conventional top-down fabrication techniques and e-beam lithography. Fig.1(b) presents a SEM image of such plasmonic element. We will show that the resulting lens focus light on diffraction limited focal spots for the two polarizations.
As a conclusion, this communication will show that random metasurfaces are promising towards the realization of isotropic or all polarization flat devices, even with very anisotropic constitutive elements. More specifically we designed a metasurface lens in the IR domain that can focus light on diffraction limited focal spot for all polarizations. We also have underlined the role of the density of the metasurface elements and distinguished different types of orders. Such results are generalizable to other devices and metamaterials.
